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Abstract 
A novel coupled TOUGHREACT-Geochemist Workbench (GWB) model has been developed to predict changes of the isotopic 
composition of CO2 resulting from reactive transport during leakage of CO2 from a storage reservoir. In the TOUGHREACT 
environment, we created a simplified 2D radial multi-aquifer model with 50 vertical cells for the Shell Quest project site and 
simulated reactive transport processes that may occur during a hypothetical CO2 leakage event. Perl scripts were developed to 
take input and output data from TOUGHREACT and create input files for GWB for subsequent modeling of the isotopic 
composition of leaking CO2. Using this approach, we simulated the extent of changes of the isotopic composition of leaking CO2 
at 1000 T/y and 100 Darcy permeability for the first 10 cells extending from the Basal Cambrian Sandstone to just above the 
overlying Winnipegosis. Initial results indicate that the leaking free gas phase had δ13C values of CO2 within 1 ‰ of that of the 
injected CO2. δ18O values of leaking CO2 showed more pronounced changes since they are controlled by oxygen isotope ratios of 
formation water and significant equilibrium isotope fractionation between CO2 and H2O. This suggests that δ13C values, but not 
δ18O values, of injected CO2 are a suitable tracer if they are sufficiently distinct from those of baseline carbon compounds. 
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1. Introduction 
Carbon capture and geological storage (CCS) is a promising technology for reducing CO2 emissions into the 
atmosphere from fossil fuel intensive industries. A number of CCS projects with injection rates exceeding 1 million 
tonnes (Mt) of CO2 per year have been established or are in the planning phase [1-4]. For these CO2 injection sites, 
existing or emerging regulations will require monitoring in order to verify the movement and the fate of injected 
CO2.  
Geochemical techniques have been an integral part for tracing the movement of injected CO2 within storage 
reservoirs, or outside of the reservoir should leakage occur. A number of geochemical and isotopic parameters can 
be analyzed on gases and fluids obtained from wells at CO2 injection sites [5-8]. Tracer compounds have been 
shown to be of great value for verifying CO2 movement and CO2 storage within and outside of the targeted reservoir.  
Natural tracers are compounds or parameters that are inherent in the injected CO2 stream and hence are available 
for monitoring purposes at no extra cost. The stable isotope composition of the injected CO2 may serve as such a 
tracer in case that the carbon and oxygen isotope ratios of the injected CO2 are isotopically distinct from those of the 
baseline carbon compounds in the injection reservoir and overlying formations [9, 10]. In order to use the isotopic 
composition of CO2 for tracing the movement and the reaction of CO2 in the injection reservoir, or during leakage of 
the CO2 outside of the storage container, it is important to understand whether and to which extent the isotopic 
composition of the remaining or leaking CO2 is affected by isotope fractionation processes. 
The objective of this work was to develop a geochemical modeling approach capable of predicting the extent of 
change of the isotopic composition of CO2 during a hypothetical leakage event along imperfect casing cement 
regions out of the injection reservoir into overlying aquifers towards the surface environment. 
2. Modeling 
The modeling approach is composed of three components: 
• Reactive transport TOUGHREACT modeling of CO2 leakage; 
• PERL script to create GWB input files from TOUGHREACT results; 
• Modeling of isotope fractionation and mixing of CO2 using GWB. 
. 
2.1. TOUGHREACT Modeling 
Modeling the reactive transport of CO2 leakage and isotopic mixing and fractionation of the CO2 presents a 
challenge since no software package can handle both tasks. For detailed CO2 leakage modeling in a saline aquifer the 
code TOUGHREACT [11] was chosen since it can model CO2 flow and transport and changes in the chemistry and 
porosity/permeability of the system through which CO2 leakage occurs. However, this code does not have currently 
any isotope capabilities, i.e. to calculate changes in the isotopic composition of reactants and products due to mixing 
or chemical reactions. 
The fluid property module “ECO2N” was used in the TOUGHREACT model. It covers thermodynamic 
conditions of a temperature range from ambient to 100°C, a pressure range up to 600 bars, and salinity from zero to 
fully saturated. These parameter ranges should be adequate for most conditions encountered during geological 
disposal of CO2. Thermophysical properties are accurately calculated for gaseous as well as for liquid CO2, but no 
distinction between gaseous and liquid CO2 is made in the treatment of flow, and no phase change between liquid 
and gaseous CO2 is made in the ECO2N module [12]. 
2.2. Geochemist’s Workbench® 
Geochemist’s Workbench ® (GWB v 9.0) is a geochemical modelling program that has the capabilities to 
calculate isotopic fractionation for various stable isotopes, eg. 2H/1H, 13C/12C, 18O/16O and 34S/32S. GWB isotopic 
fractionation calculations assume equilibrium conditions, which allows for easy setup of the model. A fundamental 
problem with GWB is that it does not contain any equations of state, such as the Peng-Robinson equation of state. 
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This is a serious limitation since it means that the system will continue dissolving CO2 into saline waters ad 
infinitum. The workaround for this limitation was to calculate the maximum solubility of CO2 in saline waters using 
another program [13]. The amount of CO2 dissolving in the saline waters was monitored and when the maximum 
CO2 solubility was reached, the model was halted.  
The isotopic model in GWB is based on a segregated model of isotopic fractionation proposed by Lee and Bethke 
[14]. This model assumes that the different components of the system are segregated from each other until the time 
of reaction. By segregating the components, isotopic fractionation occurs only as a result of chemical reactions, e.g. 
dissolution and precipitation reactions in the case of minerals. 
The segregated model defines a subset of the chemical equilibrium systems called the isotope equilibrium 
system. This subset contains: 
 
• the fluid of interest; 
• minerals not held segregated from isotopic exchange; 
• segregated minerals that dissolve over the current reaction step; 
• increments in mass of the segregated minerals that precipitate over the time step. 
 
Holding the components of the isotope system in equilibrium assures that the composition of the segregated 
minerals change only during precipitation. Conversely, the segregated minerals affect the fluid composition only 
when they dissolve. Thus for this system, the chemical reactions are the driving force affecting isotopic fractionation 
and isotopic compositions.  
GWB does have a reaction path system, but it will not work with the isotope module. So to migrate the CO2 to 
the different aquifers, batch modeling must be conducted. GWB calculations were done at atmospheric pressure (1 
atm.) and temperatures as high as 300°C.  So the system will be in sub-critical condition. Isotopic model results 
from GWB give similar isotopic compositions for gas and dissolved CO2, which is consistent with empirical and 
literature evidence [23]. Hence, despite the limitations of the current model, there is strong indication that the 
obtained results are applicable for supercritical CO2.  For instance, Johnson and Mayer [15] performed laboratory 
experiments to investigate the oxygen isotope exchange between the injected CO2 and H2O under a range of 
pressures representing both sub- and super-critical conditions. The experimental results showed that the 
fractionation factor for oxygen isotope between the CO2 and H2O was 35.5 at a temperature of 50 °C and all 
investigated pressures regardless of at sub- or super-critical conditions, in excellent agreement with the theoretically 
predicted isotope enrichment factor. 
2.3. Perl script to create GWB input files from TOUGHREACT results 
TOUGHREACT is unable to calculate the isotopic changes affecting CO2 as it moves up through the formations. 
To try and compensate for this, GWB was used to calculate isotopic fractionation and mixing. To accomplish the 
coupling of GWB and TOUGHREACT, data from TOUGHREACT’s various input and output files were harvested 
using a Perl script for the necessary data to create a GWB input file, which includes porosity and permeability of the 
different formations, CO2 fugacity and relevant aqueous species concentrations. These input files were then run 
using GWB. Figure 1 shows a flow chart for the data extraction. 
The flow chart shows the processes that are involved in coupling both codes: 
 
a. Initially the starting isotopic compositions of the CO2(gas) and HCO3 in the brine were input.  
b. The initial chemical composition of Na, Cl, and HCO3 were extracted from the TOUGHREACT 
model along with the CO2 fugacity.  
c. The GWB model was then run using the isotopic and chemical data if XCO2(aq) > 10-4. 
d. The isotopic composition of the system was calculated and this data was stored.  
e. The δ13C and δ18O values of CO2 and HCO3 were extracted from the saved data file.  
f. The next depth in the TOUGHREACT model output was examined and the chemical composition 
data is extracted (step c).  
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Fig. 1. Flow chart outlining the Perl script data extraction process 
3. The Model 
3.1. The Leakage Scenarios 
Several hypothetical scenarios can be envisioned for the injected CO2 to leak form the storage reservoir into the 
overlying shallower formations; i.e. through a pre-existing fault that was not detected during site characterization or 
through an improperly abandoned well.  For this study, the following hypothetical leakage scenario was considered. 
Injected CO2 leaked along a well from the outside of the casing to the outer edge of the cement (Fig. 2a). The CO2 
leaks from the Basal Cambrian sandstone (BCS) storage reservoir and migrated up along the well. During this 
upward migration, CO2 will enter the first overlying aquifer (Winnipegosis) and CO2 continued leaking upwards 
until it came in contact with the second overlying aquifer (Moberly) and eventually the third overlying aquifer, the 
Cooking Lake Formation. Another two overlying aquifers were considered in the model, the Glauconitic sandstone 
and the Belly River Group. Both aquifers are located at a swallower depth of 750 and 110 m, respectively, where the 
injected supercritical CO2 will undergo a phase transition. The discussion here is restricted to leakage of CO2 from 
the BCS into the Winnipegosis. 
 
       
Fig. 2. (a) A cartoon for the hypothetical leakage scenario  (b) A conceptual model for hypothetical CO2 leakage along a well. 
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3.2. Model Geometry 
Based on chemical data and from detailed formation information, a simplified 2D radial model to account for the 
reactive transport processes during hypothetical CO2 leakage, using TOUGHREACT, was constructed. Fig. 2b 
shows a schematic of the vertical cross section of the 2D conceptual model. The model represents a multi-aquifer 
system that is 2030 m in depth and 10000 m in radial direction. For simplification and computational efficiency, and 
since mineralogical and water chemistry data were not available for all formations, the intermediate formations 
between the five aquifers and the cement around the well casing were defined as a single unreactive formation 
“QUARTZ” composed entirely of quartz.  
The “QUARTZ” formations were coarsely divided layers as they were not the main focus of the project.   
However, the five overlying aquifers were divided into layers of 10 m each. The first radial cell was 10 m wide with 
the 20 cells in radial direction. The cell size in the radial direction was increasing uniformly so that the boundary of 
the model appears infinite. The total number of cells in the model was 1620. The top of the model was defined as 
open by assigning a constant boundary at the top of the model. The hypothetical CO2 leakage rate from the BCS 
considered was 1000 T/y. 
3.3. Temperature and Pressure gradients in the model 
For such a thick model of 2030 m, a linear pressure and temperature gradient (Eq. 1 & 2) was used rather than a 
constant value for these parameters for each formation.  
 
P = 90706 − 9975.4∙Z        (1) 
T = 10.0 − 0.0236∙Z        (2) 
 
Where P = pressure (Pa), T = temperature (⁰C), Z = depth (m). 
These equations were based on the pressure and temperature values of the Belly River and BCS, which are the 
top and bottom formations of the storage site.   
3.4.  Hydrogeological parameters 
For the multiphase flow, the capillary pressure and relative permeability functions were defined by the functions 
by Van Genutchen [16].  Table 1 shows the porosity and permeability values for each formation defined in the 
leakage model. A vertical leakage path was defined around the well in the 2D model. Its depth is 2030 m covering 
the whole thickness of the model and its radial distance is 10 m. Porosity and permeability of the leakage path was 
higher than those of the rest of the quartz formations, 0.01 and 10 Darcy, respectively. 
3.5. Mineralogical and geochemical input data 
The 2D radial model developed is complex in terms of chemistry. It has six different formation waters and 
mineralogies. Table 1 summarizes the mineralogical compositions of each formation. Equilibrium and kinetic 
reactions were treated in the model. The kinetic parameters were taken from the work compiled by Palandri and 
Kharaka [17] with calcite considered as an equilibrium mineral. The surface areas of the minerals used in this study 
were taken from Xu et al. [18]. Prior to CO2 leakage, the formation water was equilibrated with the minerals present 
for a 25 year period in TOUGHREACT with the resultant water chemistry shown in Table 2 for the Winnipegosis 
and Quartz I. Water compositions for the overlying formations were also calculated but are not shown. 
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Table 1. Mineralogical composition, porosity and permeability of formations used in the TOUGHREACT model 
Mineral (vol %) Winnipegosis[19] Moberly[20] Cooking Lake[21] Glauconitic[22] Belly River Quartz 
quartz 10 2 10 87 60 100 
K-feldspar 2 
plagioclase 1 10 
glauconite 5 
calcite 20 96 70 1 5 
dolomite 70 2 15 1 
siderite 1 5 
pyrite  1 
kaolinite 2 2 5 
muscovite 5 
montmorillonite 10 
Illite 2 
Permeability (md) 5 1 10 100 1 0.1 
Porosity 0.089 0.098 0.144 0.25 0.28 0.05 
 
 
Table 2. Water Composition used in TOUGHREACT Model 
Species (mol/kg) Winnipegosis Quartz I 
pH 7.45 6.97 
AlO2 8.78E-09 4.95E-10 
Ca 8.43E-04 1.25E-09 
Cl 4.61 0.585 
Fe 8.78E-09 9.13E-05 
HCO3 0.00795 1.78E-05 
K 8.78E-09 9.21E-09 
Mg 0.000795 4.96E-09 
Na 4.83 0.458 
SiO2 8.78E-05 0.000178 
SO4 0.0759 0.0207 
 
4. Results of the coupled TOUGHREACT-GWB Model 
The PERL script-connected THOUGHREACT-GWB model was run for a CO2 leakage rate of 1000 T/y for the 
first cells adjacent to the wellbore. The first 10 vertical cells immediately adjacent to the well casing were examined 
with the first cell located at -2004 m to the layer immediately above the Winnipegosis at -1584 m. The Winnipegosis 
is located at -1605 m and is represented by one cell. Given that the mineralogy of the cemented region was assumed 
to be 100% quartz, and since only the salinity of the water changes, a detailed examination of these 10 cells 
illustrates the changes that are predicted by the coupled TOUGHREACT-GWB model as CO2 hypothetically leaks 
from the injection reservoir towards the near-surface environment. 
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4.1.  Mass fraction of CO2(aq) and gas saturation 
Examination of XCO2(aq) is important because it represents the amount of CO2 dissolving into the brines before 
saturation and CO2 breakthrough occurs, which both affect the δ13C-CO2(aq) and ultimately the δ13C-CO2(g). Fig. 3 
shows time versus mass fraction of CO2(aq), XCO2(aq), for the different depths of the first 10 vertical selected cells 
adjacent to the well bore. Time can be viewed as a proxy for depth, i.e. with increasing time the injected CO2 is 
progressively migrating towards the surface. Initially, the solution was in a quasi-equilibrium state, i.e. for very 
small changes in XCO2(aq), significant time is required before there is a change in XCO2(aq), as shown in region I in 
Fig. 3. Then a rapid change in XCO2(aq) occurred over a short time period, region II. As the solution approaches 
saturation, XCO2(aq) remained constant with increasing time, region III. Fig. 3 also shows that the maximum 
XCO2(aq) increased with decreasing depth (region III) as a result of decreasing salinity of formation waters at 
shallower depths allowing for the dissolution of more CO2.  


Fig. 3. Mass fraction of CO2(aq) (XCO2(aq)) (red points) and gas saturation of CO2 (blue points) versus time for -2004 to -1584 m 
Fig. 4 shows both changes in XCO2(aq) and gas saturation of CO2 (Sg) with time for five depths. When the 
formation water was saturated with respect to dissolved CO2, as shown by the constant value of XCO2(aq), the gas 
saturation increased. Before the brine was saturated with CO2, no free gas phase exists (Sg = 0). Once the saline 
water in the cell was saturated with CO2, gas saturation of CO2 increased and free CO2 evolved and began to flow 
out of the cell to the adjacent cell in vertical direction. Having a supercritical phase of CO2 instead of the gas phase 
should only change the timescale for these changes to occur. Fig. 4 provided, however, some evidence of leaking 
CO2 being present in the adjacent cell before a free gas phase was formed, as shown by increasing XCO2(aq) values. 
This small amount of CO2 was caused by upwards fluid flow to the adjacent cell and is considered insignificant. 
Large changes in XCO2(aq) occurred only after free gas flowed from the lower cell in vertical direction. 
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Fig. 4. Mass fraction of CO2(aq) (XCO2(aq)) (red points) and gas saturation of CO2 (blue points) versus time for five of the first ten vertical cells 
from the bottom up. 
4.2.  Changes in the δ13C value of leaking CO2   
The modeled changes in the δ13C value of leaking CO2 are shown in Fig. 5 for four cells in depths of 2004 m, 
1636 m, 1605 m and 1584m. In all cells, δ13C-CO2(aq) decreased rapidly from the initial baseline value of -10‰ in 
the formation waters towards the considered δ13C value of the injected CO2 of -37‰ [23] well before the saline 
water reached saturation with CO2 due to mixing of the baseline and incoming CO2. Thus, as the saline water 
reaches saturation with CO2(aq) as indicated by the increase in XCO2(aq) and a free gas phase developed, the CO2 
moving from the CO2 saturated cell to the adjacent vertical cell will have a δ13C value that is less than 1 ‰ different 
from that of the injected CO2 (Fig 5).  
 
 

 
Fig. 5. δ13C-CO2(aq) (red points) and mass fraction of CO2(aq) (xCO2(aq)) (blue points) versus time for four of the first ten cells. a) -2004 m b) -1636 
m c) -1605 m d) -1584m. 
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4.3. Changes in the δ18O value of leaking CO2  
Fig. 6 shows changes in the δ18O value of CO2 and changes in the mass fraction of CO2(aq) with time for four of 
the first ten cells.The oxygen isotopic composition of injected CO2 was considered to be -14‰ [23]. The water had 
an initial δ18O value of -32.4‰ on the PDB scale. The oxygen isotope enrichment factor between H2O and baseline 
CO2(aq) varied from 34.1 to 35.8‰ depending on the temperature of the corresponding cell. The modelled δ18O value 
of CO2(aq) varied from1.2‰ at -2004 m to 2.8‰ at -1584 m, representing a change of 15.2 to 16.8‰, respectively, in 
the oxygen isotopic composition of the leaking CO2 (gas) at the saturation point.This indicates that in contrast to 
carbon isotope ratios, oxygen isotope ratios of leaking CO2 can be expected to change considerably in case that 
equilibrium conditions are established due to oxygen isotope exchange with formation water. 
 
       
 
       
Fig. 6. δ18O-CO2(aq) (red points)  and mass fraction of CO2(aq) (xCO2(aq)) (blue points) versus time for four of the ten cells. a) -2004 m b) -1636 m 
c) -1605 m d) -1584m. 
5. Summary 
It has been shown that it was possible to couple TOUGHREACT with GWB to determine the isotopic 
composition of leaking CO2 during the saturation of saline fluids in individual cells and the subsequent development 
of a free gas phase. Once the isotopic compositions of CO2 evolving from the saline fluids in the respective cells are 
known it is possible to calculate the isotopic composition of CO2 leaking towards the surface environment. 
The coupled TOUGHREACT-GWB model has been tested on a hypothetical leakage event using 10 vertical cells 
adjacent to a well that covered a section from the BCS to one cell above the Winnipegosis. The model calculations 
conducted so far suggest that the δ 13C value of the leaking CO2 will deviate by only 0.8 ‰ or less from the carbon 
isotope ratio of the injected CO2 in the first 10 cells of the model. δ18O values of leaking CO2 were under 
equilibrium conditions controlled by that of formation water, indicating that oxygen isotope of injected CO2 may not 
be a conservative tracer during CO2 leakage. This suggests that δ13C values, but not δ18O values, of injected CO2 are 
a suitable tracer if they are sufficiently distinct from those of baseline carbon compounds. 
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